. Molecular phylogenetics of gnathostomous ( jawed) fishes: old bones, new cartilage. 30 ,[249][250][251][252][253][254][255]. Cartilaginous fishes (chondrichthyans) have traditionally been taken as an early offshoot among jawed vertebrates. To examine some crucial chondrichthyan relationships, we have sequenced the mitochondrial genomes of the holocephalan Chimaera monstrosa (ratfish) and the basal galeomorph species Heterodontus francisci (horn shark) and analysed them together with the corresponding data set of several other chondrichthyans, teleosts, the coelacanth, the African lungfish and the bichir. The rooting point of the tree was established using unequivocal outgroups, the sea lamprey , the sea lancelet or echinoderms. The phylogenetic analyses identified monophyletic Chondrichthyes in a terminal position in the piscine tree, lending no support to the traditionally accepted basal position of cartilaginous fishes among extant gnathostomes. The findings suggest that the cartilage characterizing extant chondrichthyans is a retention of an embryonic condition, thus representing a derived rather than a primitive phylogenetic and developmental stage. Similarly, the analyses suggest that the open gill slits of neoselachians (sharks and rays) constitute a derived state compared to the operculum (gill cover) characterizing bony fishes and holocephalans. The analyses did not support the so-called Squalea/Galea hypothesis which posits that batomorphs (sharks, rays) have arisen from recent selachians (sharks). Inconsistent with the common understanding of piscine and gnathostome evolution, the two taxa having lungs, the African lungfish and the bichir, had a basal position in the piscine tree. The findings put into question the phylogenetic validity of the taxonomic nomenclature attributed to various vertebrate, notably piscine, clades.
Introduction
Gnathostomous vertebrates have commonly been divided into Chondrichthyes (cartilaginous fishes) and Osteichthyes (bony fishes and terrestrial vertebrates). Similarly, two basal osteichthyan lineages have been recognized: Actinopterygii (ray-finned fishes) and Sarcopterygii (lobe-finned fishes and terrestrial vertebrates) (for a detailed discussion and references, see Janvier 1996) . However, recent molecular studies based on phylogenetic analyses of the concatenated sequences of 12 mitochondrial (mt) protein-coding genes have not supported the conventional gnathostome tree (Rasmussen et al . 1998; Rasmussen & Arnason 1999a,b) . The first study placed all bony fishes on a common branch, while the amniotes formed a separate group (Rasmussen et al . 1998 ). This topology, so radically different from that obtained in similar studies, resulted from rooting the tree using nongnathostomous outgroups (echinoderms and agnathans -jawless fishes). The other two studies, which used the same unambiguous rooting approaches, included both chondrichthyans and osteichthyans (Rasmussen & Arnason 1999a,b) . These analyses placed the chondrichthyan taxa in a crown position on the piscine branch, thus challenging all previous hypotheses on chondrichthyan/osteichthyan relationships.
Extant chondrichthyans are usually divided into two groups: Holocephali (chimaerids or ratfishes) and Neoselachii (sharks and rays) ( Janvier 1996; Lund & Grogan 1997) . However, the morphological differences between these two groups are so radical that some authorities have considered Chondrichthyes not to be monophyletic (for a detailed discussion, see Lund & Grogan 1997) . Despite this, the relationship between holocephalans and neoselachians has not previously been investigated using comprehensive molecular data sets, with the recent studies (Rasmussen & Arnason 1999a,b) only including neoselachian chondrichthyans.
The questions regarding the phylogenetic position of Holocephali ( Janvier 1996; Lund & Grogan 1997) and chondrichthyans in general have made it imperative to include a holocephalan in analyses based on long DNA sequences. This would allow examination of whether Holocephali does indeed group with Neoselachii to form a monophyletic Chondrichthyes, or whether the inclusion of a holocephalan taxon would affect the position of cartilaginous fishes in the piscine tree in favour of the traditional gnathostomous tree. In this study, we have investigated the relationship between Holocephali (as represented by the ratfish, Chimaera monstrosa ) and Neoselachii in analyses based on the data set of 12 mt protein-coding genes.
The so-called Squalea/Galea hypothesis has received considerable attention and support in recent years. The hypothesis posits that batomorphs (skates, rays) have arisen from recent selachians, more precisely within the Squalea (Compagno 1977; Shirai 1992 Shirai , 1996 de Carvalho 1996; de Carvalho & Maisey 1996; McEachran et al . 1996) . The Squalea /Galea hypothesis was examined by sequencing the mtDNA of the horn shark, Heterodontus francisci , and including it in the data set. This taxon is a member of the order Heterodontiformes, which is considered basal within the selachian (shark) group Galeomorphii. If the Squalea/Galea hypothesis is correct, the batomorph representative should, in the present study, group with the spiny dogfish ( Squalus acanthias ) to the exclusion of the other selachians including the horn shark. The basal position of the Heterodontiformes within the Galeomorphii makes Heterodontus of particular interest for the examination of the Squalea/Galea hypothesis.
The establishment of well-supported phylogenies and the accurate placement of their roots are essential if the direction of evolution is to be correctly interpreted. While it can be difficult to identify the rooting points of morphological trees (due to the lack of suitable outgroup taxa), this can be tested for with most molecular data sets through the use of progressively more distant outgroups. If the basal rooting point of the tree remains the same irrespective of which outgroup is used, it is highly probable that the correct point has been identified. Here, we have studied basal phylogenetic relationships among gnathostomous fishes, particularly the chondrichthyans (cartilaginous fishes), through analyses of the concatenated sequences of 12 mt protein-coding genes. The data set included several chondrichthyans, representing both holocephalans (chimerids or ratfishes) and neoselachians (sharks, rays), teleosts, the coelacanth, the African lungfish and the bichir. The rooting point of the gnathostomous tree was established using three sets of unequivocal nongnathostomous outgroups.
Materials and methods
Mitochondrial (mt) DNA was isolated from frozen liver of the horn shark ( Heterodontus francisci ) according to previously described procedures (Arnason et al . 1991) . The DNA was cloven with Hin d III and the products ligated into M13mp18 for manual sequencing. These clones covered 5120 nucleotides (nt). Regions not covered by natural clones were polymerase chain reaction (PCR) amplified and the product sequenced using the LICOR automated sequencing system with fluorescent dye-labelled primers (7-deaza-dGTP, MWG Biotech). The Heterodontus sequence has been deposited with EMBL with accession number AJ310141. An enriched mtDNA preparation could not be obtained from the ratfish ( Chimaera monstrosa ) and the sequencing was therefore solely based on PCR products. The Chimaera sequence has been deposited with EMBL, accession number AJ310140.
The phylogenetic analyses included the following gnathostomous fishes: Chimaera monstrosa (ratfish, new sequence, accession number AJ310140), Heterodontus francisci ( horn shark, new sequence, AJ310141), Scyliorhinus canicula (common dogfish, Y16067), Mustelus manazo (star-spotted dogfish, AB015962), Squalus acanthias (spiny dogfish, Y18134), Raja radiata (starry skate, AF106038), Salvelinus alpinus (Arctic char, AF154851), S. fontinalis (brook char, AF126000), Salmo salar (Atlantic salmon, AF133701), Oncorhynchus mykiss (rainbow trout, L29771), Paralichthys olivaceus ( Japanese flounder, AB028664), Gadus morhua (Atlantic cod, X99772), Carassius auratus (gold fish, AB006953), Crossostoma lacustre (loach, M91254), Latimeria chalumnae (coelacanth, U82228), Polypterus ornatipinnis (bichir, U62532), Protopterus dolloi (African lungfish, L42813). The rooting point of the gnathostome tree was established with Petromyzon marinus (sea lamprey, U11880), Branchiostoma lanceolatum (lancelet, Y16474), Asterina pectinifera (starfish, D16387) and Arbacia lixula (sea urchin, X80396).
The data sets consisted of the 12 protein-coding genes from the heavy (H) strand of the mt genome. The light strand-encoded NADH6 gene was not included as it has a deviating nt and amino acid (aa) composition from the H strand-encoded genes. The nt sequences of the individual genes were translated and the aa sequences aligned. After the removal of gaps and ambiguous sites adjacent to gaps, the aa sequences of the individual genes were concatenated to give a 'supergene' 3084 aa in length. The data were analysed by maximum parsimony (MP) (Fitch 1971) , Fitch-Margoliash (Fitch & Margoliash 1967) , neighbour joining ( NJ) (Saitou & Nei 1987) and maximum likelihood (ML) (Felsenstein 1981) local bootstrap probabilities (LBP) (Adachi & Hasegawa 1996) and quartet puzzling (QP) (Strimmer & von Haeseler 1996) as implemented in the PHYLIP (Felsenstein 1995) , MOLPHY (Adachi & Hasegawa 1996) and PUZZLE (Strimmer & von Haeseler 1997) packages. Distance and ML methods used the mtREV-24 model of amino acid sequence evolution (Adachi & Hasegawa 1996b) . Confidence values for internal branches were estimated with bootstrap (200 replicates), LBP or QP analyses (1000 steps). ML analysis of tree topologies was performed under the assumption of both rate homogeneity and rate heterogeneity among sites. Under the model of rate heterogeneity, a gamma distribution parameter of alpha = 0.70 was estimated from the data, assuming one class of invariable and four classes of variable sites. ML and MP differences and their standard errors for different topologies were calculated with Kishino & Hasegawa (Kishino & Hasegawa 1989 ) and Templeton (Templeton 1983 ) Wilcoxon ranked sign tests, respectively. The bootstrap probabilities ( P boot) for different trees were calculated by the RELL method (Hasegawa & Kishino 1994) .
Results

Characteristics of the two new chondrichthyan mtDNAs
The mtDNA of the Chimaera is 18 580 nt long. The molecule is the largest vertebrate mtDNA described so far. Except for the position of the tRNA-Pro gene, the organization of the molecule conforms with the typical vertebrate mt genome. In most vertebrate mt genomes, the tRNA-Thr and tRNA-Pro genes are located adjacent to each other upstream of the control region. In the Chimaera , the tRNA-Pro gene is located close to the middle of the exceptionally long control region, with the tRNA-Thr and tRNA-Pro genes separated by a 1602 nt long intergenic region. The region downstream of the tRNA-Pro gene, separating tRNA-Pro and tRNA-Phe (position 1 in the genome), is 1503 nt long. This region includes two copies of conserved sequence block 2 (CSB-2) and one of CSB-3. Runs of identical nucleotides occur in both parts of the split control region. The longest run is composed of 11 T but, despite its length, the control region of the Chimaera is not characterized by tandemly organized repeats. The longest such repeat is 21 nt long. This repeat occurs in two identical copies and one differing by a single transition. A 72 nt long intergenic sequence separating tRNA-Thr and tRNA-Pro is found in the chondrichthyan Raja radiata (Rasmussen & Arnason 1999b) , and intergenic sequences, 87-444 nt long, have also been described in the same position in five species of Ambystoma (McKnight & Shaffer 1997) .
The length of the mtDNA genome of the horn shark is 16 708 nt. The organization of the molecule is the same as that of other squalean species.
Phylogenetic analyses of piscine relationships
Following the example set (Rasmussen et al . 1998; Rasmussen & Arnason 1999a,b) and discussed (Curole & Kocher 1999) in recent papers, an agnathan (the sea lamprey, Petromyzon marinus ; Lee & Kocher 1995) was used to root the tree. This avoided the subjective approach of the a priori assumption that one particular gnathostomous taxon is basal to the others. The same rooting point was obtained when more distant outgroups (sea lancelet, echinoderms) were used (not shown); however, the data set became progressively shorter, and hence less informative, with the inclusion of the more distantly related taxa. Figure 1 shows the phylogenetic relationships of the gnathostomous taxa included in the study. Monophyly of the class Chondrichthyes received substantial to strong support in ML (QP = 62, LBP = 99), FM and NJ (neighbour joining = 96) analyses. MP also identified Chondrichthyes as monophyletic; however, the bootstrap value was only 29%. The previous study of piscine relationships (Rasmussen & Arnason 1999b ) reconstructed monophyletic Chondrichthyes with greater support ( NJ = 100; MP = 100; ML/QP = 96) than did the present analysis. The difference between the previous and present results is probably attributable to the inclusion of the holocephalan taxon ( Chimaera ), as the chondrichthyan branch of the present analyses is considerably shorter than the comparable (neoselachian) branch of the previous study.
The analyses placed the chondrichthyans in a crown position among gnathostomous fishes. The best ML tree had the chondrichthyans and the coelacanth as sister groups, while the MP analyses reconstructed chondrichthyans and teleosts as clustering together with the coelacanth as their sister group. However, comparison of the support values for these two topologies (Table 1: ML tree, topology (a); MP tree, topology (b) ) and for the topology with the coelacanth as the sister group of the teleosts (topology (c) ) could not significantly reject any of the trees. The relationship between the chondrichthyans, the teleosts and the coelacanth has therefore been left unresolved in Fig. 1 . The previous study (Rasmussen & Arnason 1999b) of the relationship between neoselachians, teleosts and the coelacanth grouped neoselachians and teleosts together in a terminal position on the piscine branch ( NJ = 79; MP = 70; ML/QP = 78), with the coelacanth forming their sister group. It is likely that, in this case also, the difference between the previous and present ML results is attributable to the inclusion of the Chimaera and the shortening of the common chondrichthyans branch compared to the neoselachian branch of the previous study. Interestingly, phylogenetic analyses of nuclear proteincoding genes (in the absence of the coelacanth) have also placed chondrichthyans and teleosts as sister groups to the exclusion of lungfishes (Page 2000) .
Testing of phylogenetic relationships
The traditional tree for piscine relationships, with chondrichthyans and bony fishes as sister groups ( Table 1 , topology (d) ), was tested and could be significantly rejected compared to the best tree(s). A simple examination of the distance values between the gnathostomous fishes and between the sea lamprey and the gnathostomous fishes (Table 2 ) also underlines the incongruity between the traditional tree and the molecular data. In particular, the molecular distances between the sea lamprey (the outgroup) and each ingroup lineage are clearly greater than those between the ingroup lineages. This suggests that the data set is not extensively affected by randomization. Furthermore, the distances from the sea lamprey to each of the five lineages of gnathostomous fishes (the ingroup taxa) are similar. This shows that the rates of molecular evolution in gnathostomous fishes (the five ingroup lineages) are comparable. The distances between the lungfish and the remaining gnathostomous taxa (which constitute an ingroup to the lungfish) are also similar. The distance values between the teleosts and the chondrichthyans are consistent with the crown position of these groups in the piscine tree, whereas a basal position of Chondrichthyes among the gnathostomes or of the teleosts among the bony fishes Fig. 1 Phylogenetic relationships of gnathostomous fishes based on analyses of amino acid sequences from 12 mitochondrial protein-coding genes. The tree was rooted using an agnathan taxon -the sea lamprey (Petromyzon marinus). The support values for individual branches were generated using (from top to bottom): ML (LBP); ML (QP); MP; FM; and NJ. Branches with maximum support in all analyses are marked with an asterisk. The analyses reconstructed a monophyletic Chondrichthyes (ratfish, Chimaera monstrosa; starry skate, Raja radiata; horn shark, Heterodontus francisci; spiny dogfish, Squalus acanthias; spotted dogfish, Scyliorhinus canicula; common dogfish, Mustelus manazo) in a terminal position in the tree. A basal chondrichthyan divergence between holocephalans (the ratfish) and neoselachians (the sharks and the skate) received maximum support in all analyses, as did a basal neoselachian divergence between selachians (sharks) and batomorphs (the skate). The analyses thus did not support the Squalea /Galea hypothesis, according to which the spiny dogfish (Squalomorpha) and the starry skate (Batomorpha) should be on the same branch (for details, see text and Table 1 ). The monophyly of the teleostean group (ranging from the Arctic char [top] to the loach [bottom] ) also received maximum support. However, while polypterids (represented here by the bichir) are commonly placed in Actinopterygii together with teleosts (plus other bony fish lineages), the analyses did not support a polypterid/teleostean grouping. Chondrichthyan synapomorphies (derived traits): (1) reduced ossification, loss of swim bladder; (2) loss of operculum (gill cover).
is incompatible with the phylogenetic analyses and the values shown in Table 2 . It is also obvious that a chondrichthyan rooting of the tree in Fig. 1 would force the sea lamprey and the lungfish together as sister groups in a terminal position in the tree.
Chondrichthyan relationships and the Squalea/Galea hypothesis Both neoselachian and selachian monophyly received maximum support in all analyses, thus endorsing a basal division between neoselachians and holocephalans within Chondrichthyes and between selachians and batomorphs within Neoselachii. Among the selachians, the split between the spiny dogfish (Squalomorpha) and the three galeomorph taxa (horn shark, common dogfish and star-spotted dogfish) was reconstructed with strong support, as was the basal galeomorph position of the horn shark. The support for the Squalea/Galea hypothesis (Table 1, topology (f ) ) was compared with that for the conflicting phylogeny reconstructed here ( Fig. 1; Table 1 , topology (e) ). According to that hypothesis, and with the current taxon representation, the spiny dogfish should group with the starry skate to the exclusion of the galeomorphs. However, neither bootstrap analysis (Fig. 1) nor specific ML and MP analyses (Table 1) supported a Squalomorpha/Batomorpha grouping (the Squalea/Galea hypothesis). It should nevertheless be kept in mind that the inclusion of other squalean taxa, such as sawfish and squatinids, regarded by morphologists as possible sister groups to batomorphs (see Janvier 1996 for details and references), might still reveal selachian paraphyly if they join the neoselachian branch at a position basal to that of the skate. However, this is an issue unrelated to the Squalea /Galea hypothesis as currently formulated.
Discussion
Morphology and the direction of evolution
The evolutionary direction of the piscine tree reconstructed here has been established using the lamprey, the sea lancelet or invertebrates to root the gnathostomous tree. The findings suggest that the lungs of the polypterids (bichir) and the lungfishes (Dipnoi) are ancestral to the swim bladder (or the absence of this organ) in other gnathostomous fishes. The implications of these findings are that the ancestors of extant gnathostomes evolved in an environment in which lungs were an essential part of the respiratory system. Among gnathostomous fishes, the lungs lost their respiratory function as the fishes invaded deeper waters (with the respiratory function being taken over by the gill apparatus), while in terrestrial vertebrates the lungs gradually reached the advanced state seen in reptiles, birds and mammals. This concept is consistent with the notion (Romer 1955 ) that the pharyngeal system of early vertebrates had the double function of feeding and respiration. With the development of jaws, the feeding functions of the gill system were for the most part lost, the respiratory purposes of the pharyngeal system instead becoming indispensable (Romer 1955) . The lung/swim bladder of the coelacanth has the function of a fat storage organ and the phylogeny reconstructed here suggests that the origin of this fat-storing organ predates the absence of a swim bladder in the Chondrichthyes. (e) OG, (Pdo,(Por,(Lch,(Cmo,(Rra,(Sac,(Hfr,(Mma,Sca) )))),TELEOSTS))) <35529> 0.998* <31570> <5301 †> (f) OG, (Pdo,(Por,(Lch,(Cmo,((Rra,Sac) ,(Hfr,(Mma,Sca)))),TELEOSTS))) −66.8 ±18.4 0.000* −26.8 ±9.1 +35 † ±7.8
OG ( It is commonly accepted that the cartilaginous skeleton of chondrichthyans constitutes a phylogenetically derived state compared to the ossified piscine skeleton (Romer 1955) . It is probable that the bone-forming genes, functional in the bony fishes, remain largely inactive during the embryonic development of chondrichthyans and that their cartilage is a retention of an embryonic condition. This interpretation is consistent with the finding that the repertoire of skeletal patterns and tissues was more varied in early chondrichthyans than in later arising taxa (Coates et al . 1998) . Traces of perichondral bone, overlying the prismatic calcified cartilage, occur in extant selachians, suggesting that the common ancestor of chondrichthyans and other gnathostomes possessed perichondral bone, like placoderms. It should also be kept in mind that the primary difference between chondrichthyan and osteichthyan skeletal calcification is one of mineralization, occurring as discrete prisms in chondrichthyans, rather than the continuous hard tissue deposition occurring in bony fishes. The cellular hyaline cartilage overlying the prisms found in recent sharks ( John Maisey, personal communication) is also suggestive of a basal developmental feature common to both chondrichthyan and osteichthyan gnathostomes.
An operculum (gill cover, be it bony or not) is present in all extant gnathostomous fishes, except neoselachians and some extinct taxa such as Hybodontiformes, Ctenacanthiformes and Xenacanthiformes ( Janvier 1996) . Therefore, as an effect of the traditionally accepted piscine tree and because separate gill slits occur both in jawless vertebrates and in the embryos of operculate gnathostomes, the operculum has traditionally been regarded as a derived state. As with the cartilaginous (subossified) skeleton of the chondrichthyans and their absence of a swim bladder, the direction of evolution in the tree of gnathostomous fishes presented here implies that the operculum of bony fishes and holocephalans is ancestral to the absence of this organ in neoselachians. The neoselachian gill slits and the absence of an operculum in neoselachians have traditionally been taken as primitive traits. With monophyletic Chondrichthyes, the traditional (but here challenged) phylogeny would imply that the operculum has arisen independently in chondrichthyan and osteichthyan gnathostomous fishes. However, the phylogenies reconstructed here suggest that the neoselachian gill slits and the absence of an operculum may constitute a retained embryonal stage.
Taxonomic implications
This study confirms the validity of the term Chondrichthyes with the finding that Holocephali and Neoselachii form a monophyletic group. However, several of the phylogenetic relationships reconstructed here conflict with current systematic classifications. The finding that the bichir ( Polypterus ) does not group with the teleosts invalidates the term Actinopterygii (ray-finned fishes) as including polypterids plus Actinopteri (sturgeons, gars, bowfins and teleosts). Similarly, the crown position of Chondrichthyes in the piscine tree, rather than as the sister group of the bony fishes, negates the strict cladistic definition of the Osteichthyes as including all extant gnathostomous vertebrates except Chondrichthyes. The use of the name Sarcopterygii to describe both lobefinned fishes and terrestrial vertebrates is also unjustified, as the jawed fishes and the amniotes form separate branches in the gnathostome tree (Rasmussen et al . 1998 ). However, this does not imply that tetrapods do not have piscine ancestors. On the contrary, it is probable that extinct piscine taxa (such as Elpistostegalians, 'Osteolepiforms' and Rhizodontiforms) constitute the forerunners of the tetrapods, with the two groups forming the Tetrapodomorpha (see Janvier 1996; fig. 5.3, branch 5 ). This interpretation is consistent with Jarvik's (1980) theory that the 'osteolepiform' Eusthenopteron was anatomically close to the hypothetical ancestral gnathostome.
